The replacement of each one of the eight serine residues present in the amino acid sequence of the Saccharomyces cerevisiae acidic ribosomal phosphoprotein YP2,8(L45) by different amino acids has been performed by heteroduplex site-directed mutagenesis in the cloned gene. The mutated DNA was used to transform a yeast strain previously deprived of the original protein YP2fi(L45) by gene disruption. The replacement of serine in position 19 by either alanine, aspartic acid, or threonine prevents in vivo phosphorylation of the protein and its interaction with the ribosome. The serine-19 mutated gene is unable to rescue the negative effect on the growth rate caused by elimination of the original protein in YP2,(L45) gene disrupted strains. The mutation of any one of the other seven serine residues has no effect on either the phosphorylation or the ribosome binding capacity of the protein, although replacement of serine-72 seems to increase the sensitivity of the polypeptide to degradation. These results provide strong evidence indicating that ribosomal protein phosphorylation plays an important part in the activity of the particle and that it supports the existence of a control mechanism of protein synthesis, which would regulate the level of phosphorylation of acidic proteins.
Phosphorylation mechanisms of control have been shown to be working at different steps of protein biosynthesis (1) . Thus, phosphorylation has been shown to regulate eukaryotic initiation factor 2 activity and seems to be responsible for the translation control accomplished by a number of effectors in several eukaryotic cell types (see ref. 2 for review). Other initiation factors are also phosphorylated in vivo with the extent of modification affected by the metabolic conditions of the cells (3, 4) . The elongation step of the process also seems to be regulated by analogous mechanisms since the activity of both elongation factors 1 and 2 has been shown to be affected by phosphorylation (5) (6) (7) (8) .
The ribosome, having a highly cooperative structure, is also a potential target for control mechanisms that could easily regulate the synthetic pathway by modulating the activity of the particle. In fact, phosphorylation of mammalian ribosomal protein S6 is closely associated with protein synthesis and cell growth alterations by a number of different agents (9) (10) (11) and an effect of protein S6 in vitro and in vivo phosphorylation on some ribosomal activities has been found (10, 12) . However, contradictory results have also been reported, indicating that mutation of the phosphorylation sites in the yeast protein S10, the equivalent of mammalian protein S6, does not affect the activity of the ribosome (13) , although in mammalian protein S6 there are additional phosphorylation sites not present in the yeast polypeptide.
The acidic proteins of the large ribosomal subunit are also found phosphorylated in eukaryotic organisms (14) . The acidic proteins are the only ribosomal components present in multiple copies in the particle and, in bacterial systems, they have been shown to play an important role in the interaction of supernatant factors with the ribosome during protein synthesis (ref. 15 and references therein). The available evidence, although not abundant, indicates that the eukaryotic acidic proteins are equivalent to their bacterial counterparts (16, 17) and in some conditions can even be functionally interchangeable (18) .
In yeast, the acidic protein family is formed by four polypeptides, called YPla, YP1/3, YP2a, and YP2,8 in the recent unifying nomenclature (19) . The latter three proteins, previously called L44', L44, and L45, have been purified and chemically characterized (20) . The genes encoding the acidic proteins have been cloned and sequenced (21) (22) (23) (25) . The acidic proteins in the yeast ribosome are found monophosphorylated (26) , but a large pool of dephosphorylated acidic proteins is also detected in cell cytoplasm (26, 27) , and a negative effect of in vitro dephosphorylation on the affinity of acidic proteins for the ribosome has also been reported (20, 26) . To verify the in vivo relevance of acidic protein phosphorylation, site-directed mutagenesis of the phosphorylatable serine residues in the protein YP2p(L45), the most abundant acidic protein in Saccharomyces cerevisiae, has been carried out. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. esis was performed by heteroduplex hybridization of doublestranded DNA. Equimolar amounts of the 3.2-kb Ava II/Ava II and the 2.9-kb HindII/Pst I fragments, in the presence of a 200-fold excess of the synthetic oligonucleotide, were used for heteroduplex formation. DNA fragments were denatured for 3 min at 100°C and the mixture was gradually cooled in a stepwise manner. The formation of open circular DNAs was checked by 1% agarose gel electrophoresis, and the samples were incubated with the Klenow fragment of DNA polymerase I, T4 ligase, and the four deoxyribonucleoside triphosphates (0.5 mM). The samples were directly used for E. coli transformation, and the transformed cells were screened by colony hybridization using as a probe the same 32P-labeled synthetic oligonucleotide that was used as mutagen.
EXPERIMENTAL PROCEDURES
The 1.0-kb HindIII/BamHI fragments from the mutated plasmids were inserted into the centromeric plasmids YCpSO and pfl38T, carrying the yeast URA3 and LEU2 selectable markers, respectively. Plasmid pfl38T was derived from pfl38 by substituting the LEU2 marker for the original TRP1.
Transformation of Yeast Strains. DNA from the mutated plasmids was used to transform the S. cerevisiae D5 and D45 haploid strains (25) following the method ofHinnen et al. (28) . The presence of plasmid in the transformants was checked either by rapid isolation of plasmid DNA (29) or by Southern blot analysis of total DNA digested with different restriction enzymes (30) .
Protein Extraction. Control and transformed S. cerevisiae strains were grown to late logarithmic phase in the medium described above. The cells were broken by shaking with glass beads in a Vortex, and ribosomes and supernatant fractions (S-100) were obtained by centrifugation (17) . When dephosphorylation of the acidic proteins, which usually takes place during preparation and storage of the particles, was to be avoided phosphatase inhibitors (50 mM NaF, 10 mM pyrophosphate, 3 mM EGTA, and 1 mM sodium vanadate) were present during the whole procedure. The unknown effect of these inhibitors on the structure and function of the ribosomes advised us to exclude them on routine preparations. The acidic proteins were extracted from the ribosomes or S-100 fraction by treating with 0.5 M NH4CI/50% ethanol, thereby obtaining an SPO.5 split protein fraction (17) . The presence of acidic proteins in the extracts was detected with specific monoclonal antibodies (31) by means of inhibition and indirect ELISA as described (25) .
Acidic proteins from the S-100 fraction for HPLC were obtained by precipitation of the crude fractions with 5 vol of acetone followed by extraction of the pellet with 0.5 M NH4CI/50% ethanol as indicated above for ribosome extraction.
In (20) and visualized by silver staining.
HPLC Analysis. The samples were dissolved in 0.1% trifluoroacetic acid and injected in a C3 alkyl-chain-bounded silica column (Beckman RPSC ultrapore). Elution was performed with a 20-80% nonlinear gradient of acetonitrile in 0.1% trifluoroacetic acid at room temperature at a constant rate of 0.5 ml/min (33) .
The tryptic digests were separated by HPLC using Nucleosil C18 (300 A; 5 ,4m; 250 x 4.6 mm) column and nonlinear water/acetonitrile (0-60%) gradient containing 0.1% trifluoroacetic acid.
RESULTS

Site-Directed Mutagenesis of Serine Residues in Protein YP213(L45). Analyses of the yeast acidic ribosomal proteins
have previously shown that a unique serine residue is phosphorylated in each one of the different components forming this set of closely related polypeptides (20, 26) ; the location of the modified residue has not, however, been reported. To investigate the functional role of this modification, site-directed mutagenesis of the eight serines in protein YP2p(L45), the most abundant of the four polypeptides in S. cerevisiae Y166 (31), was carried out. By heteroduplex formation with synthetic oligonucleotides, each one of the eight serine residues in YP2f3 was replaced (Fig. 1) , creating at the same time a new restriction endonuclease site. The presence of the expected alteration was confirmed by restriction analysis (Fig. 2 ) and sequencing (data not shown) of the mutated gene.
The mutated constructs were used to transform S. cerevisiae D5, a strain lacking the original YP2p(L45) gene, previously obtained by gene disruption (25) . The acidic ribosomal proteins from the transformed cell particles were analyzed by electrofocusing and only modification of serines in positions 19 and 72 resulted in protein patterns different from the wild-type ribosomes (Fig. 3) . Analysis of Serine-72 Mutation. Replacement of serine in position 72 causes a series of bands to appear in the gel that have a higher pI than protein YP203(L45) (Fig. 3) . They resemble the degradation products frequently found in old preparations of acidic proteins (data not shown). In fact, immunological tests (ELISA) using specific monoclonal antibodies, confirmed the presence of protein YP2,8(L45) in the ribosomes of the transformed cells (Fig. 4A) (Fig. 3 ).
An inhibition ELISA using the anti-YP213(L45) monoclonal antibody ( Fig. 4A) (Fig. 6) . Only one peptide, having the highest retention time, was radioactive and contains practically 100%o of the radioactive label (Fig. 6) . Calculation of the theoretical retention times from the amino acid composition of peptides (PEPTIDESORT program; Genetic Computer Group, University of Wisconsin Biotechnology Center) indicated that the highest value corresponded to the peptide from positions 3-24, which includes only serine-19. Amino acid sequencing corroborated the prediction, confirming the amino-terminal sequence Tyr-Leu-Ala-Ala-Tyr for the radioactive peak. Functional Analysis of the Serine-19 Mutation. As previously reported, the single disruption of the protein YP2,8(L45) gene (strain D5) causes a 30o reduction in the growth rate of the cells, while the additional elimination of a second acidic protein, YP2a(L44) (strain D45), affects very dramatically the viability of the yeast (25) . We have recently found that this double disruptant is, in fact, able to grow at a very low rate in rich liquid medium but does not grow at all in some carbon sources such as galactose (M. Remacha, C. Santos, T.N., and J.P.G.B., unpublished data).
Transformation of either the singly (strain D5) or the doubly (strain D45) disrupted strains'with plasmids carrying the unaltered YP2.8(L45) gene restores the growth rate of the cells to control values. Mutation in serine-72 slightly affects the rescuing capacity of the mutated gene probably because of partial degradation of the polypeptide as previously commented. On the contrary, transformation with the serine-19 mutated gene does not restore the growth rate of strain D5 and affects the doubling time of the double disruptant D45 only to a small degree (Table 1 tional seven serine residues in the amino acid sequence has no effect on phosphorylation of the protein.
Results from chemical analysis of the acidic ribosomal protein eL12 from Artemia salina have indicated that phosphorylation takes place at serine-98 near the carboxyl end of the molecule (34) . Our results clearly show that replacement of serine-100, the equivalent residue in YP2,B(L45), still allows normal phosphorylation of this protein. Considering the extraordinarily high conservation of the carboxyl terminus, including the serine residue, of the acidic ribosomal proteins, it is indeed surprising to find such a difference in the position of the phosphorylated residue in these two species.
Given the functional significance of the acidic protein, discussed below, it would be interesting to investigate the phosphorylation site in the acidic proteins from other organisms to determine whether the differences in the modified position are the rule or the exception'.
The functional implications of these results are, however, much more important. Our data clearly show that phosphorylation is a necessary requirement for in vivo interaction of the acidic protein with the ribosome and for the polypeptide capacity to fully restore the growth rate of cells deficient in protein YP2/3(L45).
It is, nevertheless, interesting to note that a low level of growth rate stimulation can be achieved by the unphosphorylated mutated protein in the case of the double-disruptant D45, lacking also protein YP2a(L44). These results suggest that high ribosomal affinity might not be an'absolute requirement for the activity of the acidic proteins. They could support protein synthesis, although the effectiveness would be low, in conditions of either weak binding or no binding at all to the ribosomes. The fact that slow-growing yeast strains can be obtained by gene disruption in which only two of the four acidic proteins are expressed, but they do not appear bound to the ribosome (M.'Remacha, C. Santos, T.N., and J.P.G.B., unpublished results), is compatible with this concept.
It is known that the acidic phosphoproteins are involved in an exchange process (35, 36) between the ribosome and the unusually large pool of these ribosomal components present in the cell cytoplasm (16, 26, 33, 37) , which are dephosphorProc. Natl. Acad. Sci. USA 88 (1991) Proc. Natl. Acad. Sci. USA 88 (1991) 10567 ylated (26, 27) . It has also been reported that the amount of acidic phosphoproteins found in the ribosomes depends on the active state of the particles. Thus, ribosomes from exponentially growing cells have almost twice as many of these polypeptides as ribosomes from stationary-phase cultures; similarly, particles in polysomes have substantially more acidic proteins than free ribosomes (33) . On the other hand, in vitro dephosphorylation drastically affects the activity of the acidic phosphoproteins (38, 39) , reducing the affinity of the polypeptides for the ribosome (20) , and the results reported here confirm that the capacity of these polypeptides to be phosphorylated is a prerequisite for their functional activity in vivo. All these data are compatible with and support the involvement of the acidic phosphoproteins in a mechanism that controls the activity of the ribosome through a phosphorylation/dephosphorylation process. The cell, by regulating either the acidic protein kinase or phosphatase activities, can control the amount of these proteins bound to the particles and, consequently, the level of active ribosomes.
This control mechanism, unlike other more specific regulatory mechanisms that concern exclusively the expression of specific mRNAs, would affect the overall protein synthesis capacity of the cells as a response to their metabolic conditions.
There are, however, aspects of this postulated regulatory mechanism that are still unexplored. Thus, there is no information on the step of the protein synthesis cycle at which the exchange of the acidic proteins between the ribosome and the cytoplasmic pool takes place. The fact that amino acid polymerization can take place in an in vitro system depleted of free acidic proteins (31) strongly suggests that the acidic protein exchange is not a requirement for elongation. Data indicating that native free ribosomes are deficient in acidic proteins as compared to the particles in polysomes (33) suggest that protein exchange might take place after polypeptide synthesis termination. It is, however, not known whether the exchange, and consequently the phosphorylation/dephosphorylation process, takes place at every ribosome translation cycle or, on the contrary, is an event that occurs only in a fraction of the terminating ribosomes, perhaps depending on the level of specific kinase/ phosphatase activity in the cell.
The results reported here, underlining the in vivo role ofthe acidic ribosomal protein phosphorylation, emphasize the physiological relevance of the process and support the proposed regulatory mechanism of ribosome activity. It would be worthwhile to explore this in detail.
